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MICROBIOLOGY

Inactivation of the tumor suppressor gene Apc
synergizes with H. pylori to induce DNA damage in
murine gastric stem and progenitor cells

Jiazhuo He't, Zuzana Nascakova't, Peter Leary'?, Giovanni Papa’', Tomas Valenta®?,

Konrad Basler®>>, Anne Miiller'>*

Helicobacter pylori infection is a major risk factor for the development of gastric cancer. The bacteria reside in
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close proximity to gastric surface mucous as well as stem and progenitor cells. Here, we take advantage of wild-
type and genetically engineered murine gastric organoids and organoid-derived monolayers to study the cel-
lular targets of H. pylori-induced DNA damage and replication stress and to explore possible interactions with
preexisting gastric cancer driver mutations. We find using alkaline comet assay, single-molecule DNA fiber
assays, and immunofluorescence microscopy of DNA repair foci that H. pylori induces transcription-dependent
DNA damage in actively replicating, Leucine-rich-repeat containing G-Protein-Coupled Receptor 5 (Lgr5)-pos-
itive antral stem and progenitor cells and their Troy-positive corpus counterparts, but not in other gastric ep-
ithelial lineages. Infection-dependent DNA damage is aggravated by Apc inactivation, but not by Trp53 or
Smad4 loss, or Erbb2 overexpression. Our data suggest that H. pylori induces DNA damage in stem and progen-
itor cells, especially in settings of hyperproliferation due to constitutively active Wnt signaling.

INTRODUCTION

Chronic colonization of mucosal surfaces by bacterial pathogens
and by certain constituents of a normal gastrointestinal microbiota
is increasingly recognized as an early driver of human gastrointes-
tinal carcinogenesis. Examples include Helicobacter pylori coloniza-
tion of the gastric mucosa leading to gastric adenocarcinoma (1),
genotoxin-producing Salmonella enterica associated with gallblad-
der (2, 3) and colorectal carcinoma (4), and colibactin-producing
Escherichia coli and colorectal carcinoma (5—7). All three bacterial
species share the ability to damage their target cells’ DNA either di-
rectly by the production of genotoxins such as colibactin and
typhoid toxin (6-9) or by promoting DNA damage via the induc-
tion of transcription/replication conflicts (TRCs) (10). Additional
bacterial pathogens, particularly Chlamydia trachomatis, also com-
promise their host cells’ genomic integrity and are therefore consid-
ered candidate bacterial carcinogens (11). The link to cancer is best
documented for H. pylori and gastric cancer (12), the third most
common cause of cancer-related deaths (13). Chronic infection
with H. pylori is considered the main risk factor by far for gastric
cancer (12, 14, 15), and eradication therapy has proven an effective
prevention strategy in particularly high-risk geographical areas of
the world (16, 17). Eradication of H. pylori clearly reduces the risk
of progression from gastric cancer precursor lesions (such as
chronic or atrophic gastritis) to gastric cancer (16) and may even
be beneficial once in situ carcinomas (i.e., limited to the gastric
mucosa and submucosa) have been diagnosed (18).
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The genetic makeup of the infecting H. pylori strain has emerged
as an important determinant of gastric cancer risk. Strains harbor-
ing the Cag pathogenicity island, which encodes a type IV secretion
system (T4SS) (19), are more tightly associated with gastric cancer
than strains lacking the ability to assemble a functional Cag patho-
genicity island—encoded T4SS and to deliver the main protein effec-
tor of the T4SS, CagA (20). T4SS-positive strains inject not only
CagA but also an intermediate of inner core lipopolysaccharide
(LPS) biosynthesis, adenosine 5'-diphosphate-f-p-manno-heptose
(B-ADP-heptose), into the cytoplasm of target cells, where it
binds to an innate immune sensor, the alpha kinase 1 (ALPK1)
(21-23). Binding of B-ADP-heptose to ALPK1 stimulates its
kinase domain to phosphorylate and activate TRAF interacting
protein with forkhead associated domain (TIFA) (24), which
forms large complexes called TIFAsomes (21). H. pylori mutants
that lack the ability to produce f-ADP-heptose are incapable of ac-
tivating the ALPK1/TIFA pathway (21-23). Activation of the
ALPK1/TIFA signaling axis leads to nuclear factor kB (NF-kB) ac-
tivation and the subsequent production of proinflammatory cyto-
kines and other NF-kB target gene products (21-23). We have
shown previously that activation of the f-ADP-heptose/ALPK1/
TIFA/NF-«B signaling axis results in DNA double-strand break for-
mation in S phase cells at genomic sites where transcription and
replication machineries collide (10). H. pylori-induced DNA
damage is further aggravated by the co-occurring T4SS-driven de-
livery of the bacterial oncoprotein CagA, which, by interacting with
the Polarity-regulating kinase partitioning-defective 1b (PAR1b) in-
hibits PAR1b-mediated breast cancer 1 (BRCA1) phosphorylation
and nuclear translocation and thereby disables error-free homolo-
gous recombination—mediated DNA repair (25). Inherited patho-
genic variants affecting any one of four homologous
recombination repair factors, i.e., BRCAI, BRCA2, ATM, and
PALB?2, predispose the carriers to a 45% lifetime risk of developing
gastric cancer only if the carrier is infected with H. pylori (26). Here,
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we use murine gastric organoids to investigate in a relevant model
system to which gastric lineages H. pylori adheres and in which lin-
eages it preferentially induces DNA damage. We further use genet-
ically modified organoids to explore possible synergies of early
gastric cancer driver mutations and H. pylori in promoting DNA
damage and replication stress in gastric organoid—derived epithelial
cells.

RESULTS

H. pylori induces DNA damage and replication stress in
murine gastric organoid cells

To address whether H. pylori exposure affects the genomic integrity
of murine gastric organoid cells, we developed a protocol that allows
us to cultivate antrum or corpus gland—derived organoids within a
time frame of 1 week (fig. SIA). Our culture conditions preserve to
some extent the diversity of gastric antral and corpus lineages
(mucous pit, mucous neck, chief, and stem/progenitor cells), both
when organoids are cultured as three-dimensional (3D) structures
and when seeded in 2D for subsequent procedures (fig. S1, B to D).
One exception is the corpus-specific parietal cell lineage, for which
signature transcripts are present in the 3D organoids but lost upon
seeding in 2D (fig. S1D). Single-cell RNA sequencing (scRNA-seq)
of 2D cultures segregated seven main clusters—which we identified
in accordance with existing literature on human gastric organoid
scRNA-seq data (27), murine gastric and small intestinal gland
scRNA-seq data (28-30), and the mouse cell atlas database (31)—
as mature mucous pit cells (cluster 1), immature mucous pit cells
(2), isthmus stem and progenitor cells (3), and basal stem and pro-
genitor cells deriving from Leucine-rich-repeat containing G-
Protein-Coupled Receptor 5 (Lgr5)—positive precursors (cluster 4)
and mucous neck/chief cells (cluster 5; Fig. 1A). Two additional
clusters were numerically less important (<1% of all cells) and
proved difficult to annotate. Antral and corpus gland—derived 2D
organoid cultures were quite similar with respect to the relative rep-
resentation of the five major clusters (Fig. 1B); most clusters (with
the exception of cluster 5) were preserved also during infection with
H. pylori (Fig. 1B). Marker transcripts of the mature pit cells of
cluster 1 included Muc5ac, Gknl, and Gkn2 (encoding the pit cell
mucin Muc5ac and the gastrokines 1 and 2); typical markers of the
immature pit cells of cluster 2 were TffI as well as Psca and Mucl3
(encoding the trefoil factor 1, prostate stem cell antigen, and Mucin-
like 3; Fig. 1C and fig. S1E) (27, 28, 30). Isthmus stem and progen-
itor cells of cluster 3 were characterized by expression of Mki67,
Stmnl, and Top2a (encoding murine Ki67, stathminl, and topo-
isomerase 2a; and the expression of Birc5, Cdkl, and UbeZ2c;
Fig. 1C and fig. S1E) (27, 28, 30), whereas cluster 4 (tentatively an-
notated as basal stem cell-derived cluster) was positive for Cth,
Gas5, Zfas1, and numerous ribosomal protein transcripts (Fig. 1C
and fig. S1E) (29). Cluster 5 was the least well defined and showed
evidence of expression of not only various neck and chief cell tran-
scripts but also of transcripts that could not readily be assigned to
published gastric epithelial cell profiles (Cd44 and VilI; Fig. 1C and
fig. S1E).

Several transcripts that we expected to find on the basis of pos-
itive reverse transcription polymerase chain reaction (RT-PCR) and
immunofluorescence microscopy results (fig. S1, B to D) were
notably absent in our scRNA-seq data; examples include Mucé,
Lgr5, and Tnfrsfl19 encoding Troy, all of which were readily
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detectable at the protein level but absent in our scRNA-seq data.
Having established and characterized murine organoid cultures in
2D and, less extensively, in 3D, we asked whether their exposure to
live H. pylori would induce DNA damage as determined by alkaline
comet assay. Organoids that were microinjected with H. pylori (fig.
S1, F and G) or cultured as monolayers in 2D and infected with H.
pylori (Fig. 1, D and E) showed extensive DNA damage in the form
of comet tails. DNA damage and replication stress were further also
observed in the form of p53-binding protein 1 (53bp1) foci forma-
tion and shortening of DNA fibers (Fig. 1, F to I); DNA damage
occurred upon exposure to two different strains of H. pylori
(PMSS1 and G27) and was detected in S phase cells positive for pro-
liferating cell nuclear antigen (Pcna), but not in Pcna™ cells (Fig. 1, E
to I, and fig. S1, F and G). The frequencies of Pcna" cells did not
change upon infection (fig. SIH). Similar levels of H. pylori—
induced DNA damage were detected in antral and corpus-derived
organoid cells (fig. S1, I and J); antral 2D cultures are therefore
shown representatively for both sites for all subsequent experi-
ments, unless otherwise indicated.

H. pylori-induced DNA damage depends on a functional
T4SS/B-ADP-heptose/ALPK1 axis and active replication
Having shown previously for a human gastric cancer cell line that H.
pylori-induced DNA damage depends on a functional T4SS, as well
as the RfaE enzyme and thus the ability of H. pylori to synthesize the
LPS biosynthetic intermediate 3-ADP-heptose (10), we infected
murine organoid cells with mutants lacking RfaE or CagE, the
latter being incapable of assembling a functional T4SS (32).
Neither mutant induced DNA damage as judged by alkaline
comet assay (fig. S2, A and B). Conversely, the exogenous addition
of synthetic B-ADP-heptose was as efficient as live infection at in-
ducing DNA damage, as determined by comet assay (Fig. 2, A and
B) and 53bp1 staining (Fig. 2, C and D).

53bpl foci indicative of DNA damage were observed in Pcna®
cells in S phase (Fig. 2, C and D). The genetic ablation of Alpkl,
a cytoplasmic serine/threonine kinase that binds p-ADP-heptose
and activates NF-«B by triggering TIFAsome formation (24), abro-
gated the DNA damage induced by H. pylori and p-ADP-heptose
(Fig. 2, A to D). We have demonstrated earlier using transformed
cell lines that H. pylori-induced DNA damage is a consequence
of transcription/replication conflicts (TRCs) in actively cycling
cells in S phase (10) and indeed detect evidence of RNA:DNA
hybrids (R-loops) indicative of these TRCs also in H. pylori—
exposed organoid cells (by staining with the RNA:DNA hybrid—
specific antibody $9.6; fig. S2, C and D). Blockade of NF-kB—depen-
dent transcription downstream of Alpk1 using the NF-«B inhibitor
BAY-11 prevented DNA damage induced by H. pylori (fig. S2E).
Consistent with the observed R-loop formation and TRCs, H.
pylori—induced organoid cells are subject to replication stress as ev-
idenced by shortening of DNA fibers; replication stress is also ob-
served upon exposure to synthetic f-ADP-heptose and depends on
Alpkl (Fig. 2, E and F). To address whether the observed DNA
damage indeed depends on active replication, we blocked the activ-
ity of the CDC7 kinase with the specific inhibitor XL413. Exposure
to this inhibitor completely prevented comet and 53bp1 foci forma-
tion upon H. pylori infection (Fig. 2, G to J) and reduced the
number of evaluable fibers by >70%; the length of the remaining
fibers was reduced even in the absence of infection and could not
be reduced further by infection (fig. S2F). The combined results
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Fig. 1. Exposure to H. pylori induces DNA damage and replication stress in murine gastric organoid cells. (A to C) Antrum and corpus-derived organoids were
dissociated, seeded in 2D, and infected with H. pylori (Hp) G27 for 6 hours. Cells were labeled with antibody-conjugated hashtags and subjected to scRNA-seq. Unsu-
pervised clustering using Seurat identified five main clusters; the indicated cluster identities were assigned on the basis of their expression levels of cell type—specific
markers. Uniform Manifold Approximation and Projection (UMAP) visualizations in (A) and (B) show the combined data points from all four conditions (A) and separated
by site and infection status (B); the expression of 14 select cluster marker transcripts is projected on top of the UMAP visualizations in (C) (data were normalized for the
expression of the gene within the dataset). (D to I) Antrum-derived organoid cells seeded in 2D were infected with H. pylori strain G27 [multiplicity of infection (MOI) of 50]
for 6 hours; cells were harvested and analyzed for the appearance of DNA damage by alkaline comet assay [(D) and (E)] and by 53bp1/Pcna-specific immunofluorescence
microscopy (F and G); replication stress was quantified by DNA fiber assay [(H) and (I)]. Representative images of comets, 53bp1 foci formation and DNA fibers are shown in
(D), (F), and (H). Scale bars, 10 um. Data in (E), (G), and (1) are representative of at least three independent experiments; ~150 cells per condition are shown in (E), ~1000
cells per condition are shown in (G), and ~100 fibers per condition are shown in (1). Horizontal lines represent means. P values were calculated using Student's t test; **P <
0.01; ****P < 0.001. ns, not significant.
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Fig. 2. H. pylori-induced DNA damage and replication stress is dependent on Alpk1 signaling and unimpaired progression through S phase. (A to F) Antrum-
derived organoid cells seeded in 2D were infected with H. pylori strain G27 (MOI of 50) for 6 hours. Cells were harvested and analyzed for the appearance of DNA damage
by alkaline comet assay [(A) and (B)] and by 53bp1/Pcna-specific immunofluorescence microscopy [(C) and (D)]; replication stress was quantified by DNA fiber assay [(E)
and (F)]. Representative images of comets, 53bp1 foci formation, and DNA fibers are shown in (A), (C), and (E) (scale bars, 10 um); pooled data from three independent
experiments are shown in (B), (D), and (F) [~300 cells are shown per condition in (B), ~1500 cells per condition in (D), and 300 fibers per condition in (F)]. (G to J) Antrum-
derived organoid cells seeded in 2D were infected with H. pylori strain G27 (MOI of 50) for 6 hours, in the presence or absence of the Cdc7 inhibitor XL413 at 0.2 uM final
concentration. Cells were harvested and analyzed by alkaline comet assay [(G) and (H)] and by 53bp1/Pcna-specific immunofluorescence microscopy [(I) and (J)]. Data are
from one experiment and representative of two independently conducted ones. A total of ~150 cells and ~1000 cells per condition are shown in (H) and (1), respectively.
Horizontal lines represent means. P values were calculated using one-way analysis of variance (ANOVA); **P < 0.01; ****P < 0.001.
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indicate that H. pylori infection compromises the genomic integrity
of primary gastric epithelial cells in a manner that depends on its
ability to produce and deliver B-ADP-heptose and to cause TRCs
through activation of the Alpkl/NF-kB signaling pathway.

Gastric stem and progenitor cells are the main targets of H.
pylori-induced DNA damage

The presence of diverse gastric cell lineages in our organoid cell
monolayers allowed us to investigate the preferred target cells of
H. pylori. To this end, we took advantage of an H. pylori strain
that was engineered to express red fluorescent protein (RFP) (33)
and used it in combination with immunofluorescence staining for
gastric lineage markers, followed by automated image analysis.
Gastric antral and corpus organoid cell lineages were identified by
their Muc5ac and Muc6 expression as mucous pit and mucous neck
cells, respectively, by their Mist expression as chief cells, and by their
Troy (corpus) and Lgr5 (antrum) expression as stem and progenitor
cells. Expression of the lineage markers was mutually exclusive (fig.
S3A) with less than 5% of cells estimated to be positive for more
than one marker. H. pylori was found to adhere preferentially to
Muc5ac-positive mucous pit, but not to Muc6-positive mucous
neck or Mist-positive chief cells (Fig. 3, A to F). Unexpectedly, a
large fraction of RFP* H. pylori was found in tight contact with
Troy" and Lgr5" stem and progenitor cells in corpus- and
antrum-derived organoid cultures, respectively (Fig. 3, A to F).
We found, on average, more bacteria attached to Muc5ac"
mucous pit and to Troy/Lgr5" stem and progenitor cells than to
the other cell lineages (Fig. 3, A to D, and high-magnification
images in fig. S3B), and the fraction of cells with attached bacteria
was higher for mucous and stem/progenitor cells than for the other
lineages (Fig. 3, B and E). The preference for mucous pit and stem/
progenitor cells was confirmed also at a lower multiplicity of infec-
tion (MOI) (of 10; fig. S3, C to H). We next asked which of the lin-
eages sustained DNA damage, quantified microscopically as 53bp1*
foci formation. DNA damage was mostly observed in Troy" and
Lgr5" stem cells in corpus- and antrum-derived organoid cultures,
respectively; Muc5ac-expressing mucous pit cells sustained modest
levels of DNA damage, and no damage was observed in mucous
neck or chief cells (Fig. 3, G to M). We observed, on average,
more 53bpl foci per cell in the stem/progenitor compartment
than in the other lineages (Fig. 3, H and J), and the fraction of
cells with DNA damage (>5 foci per cell) was also highest in this
compartment (Fig. 3, I and K). Among all cells exhibiting DNA
damage in our antrum and corpus cultures, the stem/progenitor
compartment made up the largest fraction (Fig. 3, L and M),
despite contributing only marginally more cells to the overall pool
than the differentiated lineages (fig. S3I). Given that H. pylori—
induced DNA damage occurs in Pcna” cells, we asked whether
more stem and progenitor cells might be undergoing active replica-
tion at any given time than cells belonging to the differentiated lin-
eages. This was indeed the case, as 50 to 60% of Lgr5/Troy" cells, but
only 10 to 25% of differentiated lineage-positive cells, stained pos-
itive for Pcna (fig. S3]). As many commercially available Lgr5-di-
rected antibodies (and antibody lots) are unspecific, we used a
recently generated transgenic Lgr5 reporter line (34, 35) to validate
our antibody and to assess DNA damage in Lgr5-mOrange reporter
cells. In this mouse line, the introduction of the transgene affects
neither the expression nor the function of endogenous Lgr5 (34,
35). More than 90% of Lgr5-mOrange reporter cells were stained
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by our antibody, and 66% of cells stained by the antibody also ex-
pressed the reporter (fig. S3, K and L). Lgr5-mOrange reporter cells
exhibited a higher baseline DNA damage as detected by 53bp1 foci
than the total cell population and showed a further increase in DNA
damage upon H. pylori infection (Fig. 3, N and O). The susceptibil-
ity of Lgr5-mOrange reporter cells to DNA damage could be linked
to a high proportion of cells in S phase (fig. S3M), confirming the
results obtained for antibody-stained Lgr5" cells.

Last, we set out to determine in which of the lineages the expo-
sure to H. pylori would induce a transcriptional response. To this
end, infected and control antrum and corpus 2D monolayers
were subjected to RNA sequencing. Unsupervised hierarchical clus-
tering and principal components analysis (PCA) revealed the site
(antrum versus corpus) to be the main driver of sample segregation,
followed by H. pylori exposure (fig. S3, N and O). Gene ontology
analysis of the top 117 overlapping differentially up-regulated
genes (in both antrum and corpus, log, fold change > 1, adjusted
P < 0.05) revealed pathways such as “response to bacteria,” “leuko-
cyte chemotaxis,” and “inflammatory response” to be induced upon
infection (fig. S3P). Superimposing the top 50 most differentially
expressed transcripts onto the five gastric epithelial cell clusters
shown in Fig. 1 (A to C) revealed that most of the differentially ex-
pressed genes mapped to the basal stem and progenitor cell cluster
(24 of 50), whereas only very few differentially expressed genes
mapped to any of the other clusters (four each to mature and imma-
ture pit cells, nine to chief/neck cells, and one to isthmus progeni-
tors); nine induced genes were expressed throughout
(representative transcripts shown in fig. S3Q). Together, the data
suggest that H. pylori preferentially binds to mucous pit cells and
Lgr5" stem and progenitor cells but induces DNA damage only in
the latter compartment.

The mutational inactivation of Apc exacerbates H. pylori-
induced DNA damage

To determine how gastric cancer driver mutations affect H. pylori—
induced DNA damage, we chose three tumor suppressor genes and
one oncogene, all of which are among the most recurrently mutated
genes in gastric cancer, for DNA damage analyses. Mutations in the
tumor suppressor genes adenomatous polyposis coli (APC), TP53,
and SMAD¢ affect roughly 8, 50, and 7% of patients with gastric
cancer; TP53 and APC are predominantly mutationally inactivated
in the chromosomally instable subtype, whereas SMA D4 mutations
affect all four molecular subtypes of gastric cancer (36). The onco-
gene ERBB2 is subject to both point mutations and gene amplifica-
tion (affecting 3 and 17% of gastric cancer cases) (36). To address
the consequences of Apc truncation and of Trp53 deletion for H.
pylori-induced DNA damage and replication stress, we cultured
antrum-derived organoids from wild-type (WT), Apc™™'*,
Trp537~"~, and Apc™™*Trp53™'~ mice and infected the cells with
H. pylori in 2D. H. pylori induced more comets and more 53bpl
foci indicative of DNA damage and shorter fibers in Apc™™* rela-
tive to WT organoid cells, whereas the loss of Trp53 had no major
effect on DNA damage (although the baseline of DNA damage was
higher; Fig. 4, A to F). The dual inactivation of Apc and Trp53 did
not produce stronger effects than the Apc mutation alone (Fig. 4, A
to F). As the main function of P53 is the orchestration of DNA
repair, we asked whether Trp53™'~ cells would be as capable as
WT cells in repairing their H. pylori-induced DNA damage. Both
WT and Trp53~'" cells repaired their DNA damage equally
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progenitor cells. (A to F) Antrum-
derived [(A) to (C)] or corpus-derived
[(D) to (F)] organoid cells seeded in
2D were infected with RFP-express-
ing H. pylori PMSS1 (MOI of 50) for 6
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jected to quantitative automated
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efficiently, with comets reduced to baseline after a 24-hour recovery
period during which H. pylori was eradicated with antibiotics (fig.
S4A). To study how the loss of Smad4 and gain of Erbb2 would
affect DNA damage, we genetically engineered WT organoid cells
to constitutively express a short hairpin RNA (shRNA) for Smad4
that would down-regulate its expression by greater than 80% (fig.
S4B); Erbb2 was overexpressed under the constitutive cytomegalo-
virus (CMV) promoter (fig. S4C). Smad4 loss, but not Erbb2 over-
expression, had modest effects on DNA damage incurred upon H.
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pylori infection relative to an empty vector control as judged by al-
kaline comet assay and 53bp1 staining (fig. S4, D to G), despite the
fact that Erbb2-overexpressing cells exhibited numerous genomic
abnormalities (irrespective of infection; these included micronuclei,
bulky chromosome bridges, and misaligned chromosomes; fig. S4,
H and I). Given that Apc emerged as the most relevant cancer gene
among our small selection of four, we asked whether corpus-
derived Apc™™* organoid cells would recapitulate the effects ob-
served with the antral Apc™"" organoids relative to WT; this was
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Fig. 4. Apc truncation, but not Trp53 loss, aggravates H. pylori-induced DNA damage. (A to F) Antrum-derived organoid cells of the indicated genotypes were
seeded in 2D and infected with H. pylori strain G27 (MOI of 50) for 6 hours. Cells were harvested and analyzed for the appearance of DNA damage by alkaline comet assay
[(A) and (B)] and by 53bp1/Pcna-specific immunofluorescence microscopy [(C) and (D)]; replication stress was quantified by DNA fiber assay [(E) and (F)]. Representative
images of comets, 53bp1 foci formation, and DNA fibers are shown in (A) (scale bars, 100 um), (C) (scale bar, 10 um), and (E) (scale bar, 10 um); pooled data from two to
four independent experiments are shown in (B) and (F) [~400 to 600 cells are shown per condition in (B), and 300 fibers are shown per condition in (F)]. A representative
experiment of two independently conducted ones is shown in (D) (~1000 cells per condition). Red horizontal lines represent means throughout. P values were calculated
using one-way ANOVA; *P < 0.05; **P < 0.01; ****P < 0.001.
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indeed the case for both DNA damage (comet assay) and replication
stress (fiber assay) readouts (fig. S4, J to M). Furthermore, admin-
istration of B-ADP-heptose recapitulated the elevated DNA damage
induced by live infection in Apc™™" relative to WT organoid cells
of both antrum and corpus origin (fig. S4, ] to M). In summary, in-
activation of a single allele of Apc by a nonsense mutation at codon
851 synergized with H. pylori infection or B-ADP-heptose exposure
in driving DNA damage, whereas the loss of Trp53 or of Smad4 or
overexpression of Erbb2 had no effect.

Apc inactivation results in an expanded pool of actively
replicating cells that are susceptible to H. pylori-induced
DNA damage

Having shown earlier that both active transcription and active rep-
lication are prerequisites of H. pylori-induced DNA damage (Fig. 2,
H to J, and fig. S2, E and F), we asked whether Apc inactivation af-
fected the level of DNA damage by enhancing one or the other
process. RNA sequencing of antral and corpus-derived organoid
cells, infected or not with H. pylori, failed to expose any major dif-
ferences; WT and Apc™™" cells of the same anatomical origin
(antrum and corpus) and infection status clustered together
tightly, and differences were negligible (fig. S5, A and B). In con-
trast, when staining for Pcna® cells, we found that the inactivation
of Apc, with and without the additional loss of Trp53, strongly
boosted the pool of Pcna” cells, thereby expanding the potential

target cell pool susceptible to H. pylori-induced DNA damage
(Fig. 5, A to C). The increase in Pcna® cells resulting from Apc in-
activation coincided with an increase in the Lgr5" stem and progen-
itor cell pool in organoids derived from Apc™™'* relative to WT
mice (fig. S5C); this observation is consistent with Lgr5 itself
being a target gene of the Wnt signaling pathway and hyperactive
Whnt signaling due to Apc inactivation driving stem and progenitor
cell expansion (37). The combined data indicate that Apc inactiva-
tion synergizes with H. pylori infection to promote potentially car-
cinogenic DNA damage by increasing the pool of actively
proliferating stem and progenitor cells.

DISCUSSION

In earlier work focused on elucidating how H. pylori damages the
genome of its target cells, we have mostly relied on transformed or
immortalized cell lines as model systems to study DNA damage and
the associated replication stress (10, 38, 39). Here, we have used pro-
cedures for 2D and 3D growth and infection of murine gastric or-
ganoid cultures and have developed genetic modification strategies
and downstream readouts for DNA damage and replication stress,
to shed light on the preferred target cell type of H. pylori, the cell
lineage most susceptible to infection-induced DNA damage, and
the interaction of H. pylori with early gastric cancer driver muta-
tions in DNA damage induction. Infection of organoid cells
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Fig. 5. Apc inactivation increases the pool of Pcna™ cells in S phase. (A to C) Antrum-derived organoid cells of the indicated genotypes were seeded in 2D and stained
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frequency of Pcna® cells among all cells in (C). Three experiments are shown in (B) and (C). Data are plotted as means + SD. Several thousand cells were analyzed

per condition. P values were calculated using one-way ANOVA; *P < 0.05.
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confirmed a key role of active transcription, induced via the previ-
ously described H. pylori T4SS/p-ADP-heptose/Alpkl/NF-xB axis
(10), in DNA damage and replication stress, and provided more ev-
idence in the form of RNA:DNA hybrids or R-loops (labeled by S9.6
antibody) for the concept that TRCs in actively replicating cells are
the main source of H. pylori-induced DNA damage. As a detailed
understanding of the cell lineages represented in 2D (and to a lesser
extent in 3D) organoid cultures was key to determining the pre-
ferred H. pylori target cell in this model system, we used both con-
ventional immunofluorescence and RT-PCR-based strategies and
scRNA-seq to characterize the cells in some detail. Immunofluores-
cence staining and RT-PCR for key markers revealed that Muc5ac*
pit cells, Muc6 " chief cells, and Mist"/pepsinogen C" chief cells were
present in 2D cultures, alongside Lgr5" or Troy" stem and progen-
itor cells. scRNA-seq revealed the presence of five predominant
clusters, which, in accordance with published transcriptional pro-
files of human organoid cultures (27) and of sorted murine and
human gastric gland populations (28, 30, 31), could be assigned
to specific gastric lineages. We found evidence in our cultures of
mature pit cells characterized by their hallmark Muc5ac and gastro-
kine 1 and 2 expression (Gknl, Gkn2; cluster 1), of immature pit
cells (cluster 2, characterized by Tff1, Psca, and Mucl3), and of
isthmus stem and progenitor cells (cluster 3; Stmnl, Mki67, and
Top2a). The latter gives rise not only to the former at steady state
as judged by lineage tracing but also to Muc6" mucous neck cells
(30); isthmus stem and progenitor cells differentiate as they
migrate from the isthmus toward the tip (pit cells) and the neck/
base of the gland (neck cells). The two remaining clusters are
much less well defined in the literature and are absent from 2D cul-
tures of human organoids (27). Certain overlaps in signature tran-
scripts with previous studies point to cluster 5 as a mixture of neck
and chief cells (Cd44 and Vill; note that several key marker tran-
scripts, such as Muc6 and Pgc encoding pepsinogen C, are
notably missing from this list although they are readily amplified
by quantitative RT-PCR) (40, 41) and to cluster 4 as the direct
progeny of Lgr5-expressing basal stem and progenitor cells as
defined by single-cell trancriptomics of small intestinal crypts
(29). We believe on the basis of their signature transcripts that clus-
ters 1 and 5 represent terminally differentiated lineages, whereas
clusters 3 and 4 both represent stem/progenitor populations;
cluster 2, containing immature pit cells, is most likely a transitional
cell type on its way to terminal pit cell differentiation. We confirmed
the finding made previously by others that parietal cells are difficult
to maintain in 2D monolayers (and are therefore absent from the
infection system used here); coculturing with immortalized
stomach mesenchymal cells can overcome this technical challenge
but was not tried here (42).

H. pylori interacts directly with two of the gastric lineages repre-
sented in our antral and corpus organoid cultures, the Muc5ac™ pit
cells on the one hand, and Lgr5" or Troy" stem and progenitor cells
on the other. The gastric pit cell is the canonical target cell of H.
pylori in vivo and in vitro. Early work has shown that only the pit
cell, but not other terminally differentiated lineages (parietal, chief
cells), of the gastric mucosa responds to H. pylori infection by
mounting a transcriptional response in experimentally infected
mice (43); H. pylori was found in close proximity to MUC5AC"
pit cells, but not MUC6 " neck cells, in the gastric pits of human car-
riers of the infection (44). Human organoid cells cultured in 2D,
which feature immature and mature pit cells and their precursors,
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confirmed that H. pylori adheres to mature pit cells in a manner that
depends on urea-driven chemotaxis (27). While we recapitulated
the preference for pit cells in our murine organoid model, we addi-
tionally detected H. pylori bound to Lgr5" stem and progenitor cells
in antral cultures and to Troy" stem and progenitor cells in corpus
cultures. This observation is in line with the ability of H. pylori to
colonize not only the surface epithelium but also the depth of both
murine and human gastric glands, where the bacteria can be found
in close proximity to Lgr5" cells in murine antrum and to mitotic
progenitor cells in human antrum and corpus (45, 46). This inter-
action with Lgr5" cells leads to their T4SS-dependent expansion
(hyperplasia) and to the induction of antimicrobial factors (45).
Lgr5" cells mount a robust, R-spondin-3—driven antimicrobial re-
sponse to H. pylori in vivo, which results in clearance (or at least
a reduction) of the bacteria and presumably serves to protect the
gland base and its stem cell pool (41). The expression and secretion
of antimicrobial factors by gland base cells and their expansion are
NF-«B dependent (47). Gland base stem cells are the primary cell
lineage responding to H. pylori and its ADP-heptose with the pro-
duction of proinflammatory mediators; this has been definitively
shown for antrum stem cells (47) and possibly also applies to
corpus basal stem cells. The expansion of Lgr5" gland base stem
cells is not only observed in infected mice (45) but also observed
in human carriers of H. pylori (48). These various observations
are very well in line with our observation that DNA damage
induced by H. pylori in organoid cells preferentially affects Lgr5"/
Troy" stem and progenitor cells and is dependent on both active
transcription and replication. A specific inhibitor of NF-kB—depen-
dent transcription or the genetic ablation of the H. pylori innate
immune sensor Alpkl, which drives H. pylori-dependent NF-kB
activation, both prevented DNA damage in our hands. DNA
damage was further observed only in Pcna” cells in S phase and
could be blocked by an inhibitor of Cdc7 kinase that prevents
origin firing and thereby entry into S phase. It is interesting to
note that a specific type of DNA damage on guanosine that is indic-
ative of oxidative stress (8-hydroxydeoxyguanosine) was detected in
non-neoplastic antral Lgr5" cells in patients with gastric cancer with
H. pylori—driven gastritis (48). Lgr5" stem cells in the corpus of the
stomach have been shown to give rise to Kras‘“'*™-driven intestinal
metaplasia and gastric cancer, and LGR5 expression is seen in
human gastric cancers (49); furthermore, in vivo ablation strategies
confirm Lgr5" populations as functional cancer stem cells in ortho-
topic cancer organoid transplantation models (50). All observations
are in line with the notion that H. pylori-induced DNA damage in
stem and progenitor cells, if unrepaired, or erroneously repaired,
may serve as an early event driving gastric carcinogenesis. Such a
setting of erroneous DNA double-strand break repair is constituted
by inherited (germline) mutations in the homologous recombina-
tion repair genes BRCAI, BRCA2, ATM, and PALB2, all of which
have been shown to synergize with H. pylori infection in predispos-
ing carriers of the respective pathogenic variants to an extremely
high gastric cancer risk (26).

Having identified stem and progenitor cells as the predominant
targets of H. pylori-induced DNA damage in vitro, we asked
whether preexisting mutations affecting Trp53, Apc, and the two ad-
ditional commonly mutated gastric cancer driver genes Smad4 and
Erbb2 would affect the extent and repair of DNA damage incurred
upon H. pylori exposure. We chose Trp53 because earlier reports
had shown somatic TP53 mutations to be fairly common already
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in noncancerous H. pylori—positive inflamed mucosal samples from
patients with gastric cancer but not in H. pylori-negative normal
gastric mucosa (51). TP53, APC, and CTNNBI hotspot mutations,
as well as ERBB2 amplifications, were among the earliest somatic
gastric cancer mutations found by sequencing of 50 cancer genes
in well-differentiated intramucosal gastric cancers obtained by en-
doscopic submucosal dissection (52). Hereditary pathogenic muta-
tions in SMAD4, APC, and TP53 predispose to gastric cancer; these
cause various familial cancer syndromes, i.e., juvenile polyposis syn-
drome (SMAD4), gastric adenocarcinoma, proximal polyposis and
familial adenomatous polyposis syndromes (APC; the latter predis-
posing to gastric cancer only in Asia), and Li Fraumeni syndrome
(TP53) (53, 54). We found only Apc truncation, but not the loss of
Smad4 or Trp53, or overexpression of Erbb2 to synergize with H.
pylori infection or exogenously added ADP-heptose in causing
DNA damage and replication stress. Apc truncation boosts the
pool of Pcna” cells that are susceptible to DNA damage, which
likely accounts for the increase in damage observed. The fact that
the other three genetic modifications failed to show a phenotype
in our acute DNA damage model does not rule out that these alter-
ations interact with H. pylori in some other way in driving gastric
carcinogenesis. In summary, our data point to stem and progenitor
cells as main targets of H. pylori-induced DNA damage, which is
further aggravated by concurrent Apc inactivation.

MATERIALS AND METHODS

Mice and organoid cultures

C57BL/6N-Alpk1°™ "4}y (strain #: 032561), B6.12982-Trp53"™1 ™)
J (strain #: 002101), and C57BL/6J-Apc™™/J (strain #: 002020) were
obtained from the Jackson laboratory. Composite Trp53~'~
Apc™™* mice were generated in-house. Lgr5-2A-CreERT2-2A-
mOrange2 mice were described previously (34, 35). C57BL/6] WT
and mutant mouse lines were maintained in groups of maximum
five animals in individually ventilated cages at approved animal fa-
cilities of the University of Ziirich, with access to food and water ad
libitum. Gastric organoid culture conditions were adapted on the
basis of previously published protocols (55); briefly, stomachs of
8- to 10-week-old mice were harvested, opened along the greater
curvature, and washed in ice-cold Dulbecco's phosphate-buffered
saline (DPBS) (catalog #14190-094, Gibco). Mucus and muscle/
serosa layer were removed under a stereomicroscope using
forceps; antrum and corpus were separated with a large safety
margin, and both tissues were cut into 2- to 5-mm?-sized pieces.
Pieces were dissociated in 43.4 mM sucrose (#A2211, 5000, HU-
BERLAB), 54.9 mM p-sorbitol (#240850, Sigma-Aldrich) in DPBS
by 5 to 10 rounds of vigorous pipetting and washing, followed by
incubation in 10 mM EDTA (#A1103, 1000, Biochemica) at 4°C
for 1 hour and 20 min (rolling shaker). After one more washing
step in 43.4 mM sucrose and 54.9 mM p-sorbitol, glands were ex-
tracted by placing tissue pieces under a glass slide
(#AA00000112E01MNZ10, Epredia) and applying enough pressure
to release individual glands; glands were collected in Dulbecco’s
modified Eagle's medium (DMEM), pushed through a 40-pum
filter, counted, collected by centrifuging and mixed with Matrigel
(#356231, Corning), seeded into 24-well plates (50 pl per well),
and cultivated at 37°C in ADMEM [advanced DMEM/F12
(#12634-010, Gibco) + 10 mM penicillin/streptomycin (#167369,
Gibco)] supplemented with Wnt-conditioned medium (50%, v/v;
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supernatants from L Wnt3a cells; CRL-2647, American Type
Culture Collection), R-spondin-1 (1 pg/ml; #315-32, PeproTech),
N-acetylcysteine (1 mM; #A9165, Sigma-Aldrich), epidermal
growth factor (50 ng/ml; #AF-315-09, PeproTech), fibroblast
growth factor (100 ng/ml; #100-26, PeproTech), Noggin (100 ng/
ml; #250-38, PeproTech), [Leu'®]-Gastrin I (10 nM; #G9145,
Sigma-Aldrich), N2 (1x; #17502-048, Gibco), B27 (1x; #17504-
044, Gibco), Hepes (10 mM; #15630-056, Gibco), GlutaMAX (2
mM; #35050-038, Gibco), and Y27632 (10 uM; only on the
seeding day; exclude thereafter, #5S1049, Selleckchem). For seeding
in 2D, 7-day-old 3D organoids were dissociated in cold DMEM by
vigorous pipetting. Organoid fragments were resuspended in
TrypLE (#12605028, Gibco) and incubated at 37°C for 10 min.
Single-cell suspensions were washed, centrifuged, counted, and
seeded at 15,000 cells per well into rat tail collagen (#50201,
Ibidi)—coated wells in 2D culture medium [which is identical to
3D medium but lacks Wnt-conditioned medium, R-spondin, pen-
icillin/streptomycin, fibroblast growth factor, Noggin, and N-acetyl-
cysteine and contains 10% fetal bovine serum (#10270-106, Gibco)
and 1 uM transforming growth factor—f inhibitor (#SML0788,
Sigma-Aldrich)]; cells receive fresh medium after 2 days in
culture and are infected with H. pylori after 3 days in culture. H.
pylori was grown as described previously (56); bacterial numbers
were determined by measuring the optical density at 600 nm, and
bacteria were added to cells at an MOI of 50 for 6 hours, unless oth-
erwise specified. Bacteria were killed by addition of tetracycline (1
pg/ml) for 24 hours. The H. pylori strains used in this study were
G27 (57), PMSS1 (58), and PMSS1®? (33). Organoid cells were
treated with the NF-xB inhibitor BAY 11-7082 (Sigma-Aldrich)
and the Cdckl inhibitor XL413 at 0.2 uM final concentration. -
ADP-heptose (Invivogen) was added at 0.5 uM final concentration
for 6 hours.

Alkaline comet assay

Cells were trypsinized, and 2500 cells per condition were imbedded
in 150 pl of 0.8% SeaPlaque low-melting point agarose (Lonza) on
two-well comet slides (Trevigen; 60 pl per well) and lysed overnight
at 4°C in lysis buffer: 2.5 M NaCl, 100 mM EDTA, and 10 mM tris
(pH 10), supplemented with 10% dimethyl sulfoxide and 1% Triton
X-100. Slides were washed after overnight lysis and incubated for 40
min in denaturation buffer (300 mM NaOH and 1 mM EDTA), fol-
lowed by electrophoresis for 20 min at 21 V and 300 mA. Afterward,
all slides were washed with PBS, fixed in ice-cold ethanol for 10 min,
and dried at 37°C. DNA staining was done with SYBR gold (Thermo
Fisher Scientific) for 15 min, followed by washing with PBS and
drying at 37°C. Samples were imaged using a Leica DMI 6000 in-
verted microscope and analyzed using CometScore2.0.

DNA fiber assay

For the analysis of DNA fiber length, cells were sequentially pulse-
labeled with 30 mM CIdU (#C6891, Sigma-Aldrich) and 250 mM
5'-iododeoxyuridine (IdU) (European Pharmacopoeia) for 30 min
each. The cells were collected and resuspended in PBS at 2.5 x 10°
cells/ml. The labeled cells were diluted 1:1 (v/v) with unlabeled cells,
and 4 pl of cells were mixed with 7.5 pl of lysis buffer [200 mM tris-
HCI (pH 7.5), 50 mM EDTA, and 0.5% (w/v) SDS] on a glass slide.
After 9 min, the slides were tilted to 15° to 45°, and the resulting
DNA spreads were air-dried and fixed in methanol/acetic acid
(3:1) solution overnight at 4°. The DNA fibers were denatured
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with 2.5 M HCI for 60 min, washed several times with PBS to neu-
tralize the pH, and blocked with 0.1% Tween 20 in 2% bovine serum
albumin (BSA)/PBS for 40 min. The newly replicated CldU and IdU
tracks were labeled for 2.5 hours in the dark, at room temperature,
with anti-5-bromo-2’-deoxyuridine antibodies recognizing CldU
(rat, ab6326, Abcam; 1:500) and IdU (mouse, 347580 B44, BD Bio-
sciences; 1:100), followed by 1 hour of incubation with secondary
antibodies at room temperature in the dark: anti-mouse Alexa
Fluor 488 (A11001, Invitrogen; 1:300) and anti-rat Cy3 (712-166-
153, Jackson ImmunoResearch Laboratories; 1:150). Fibers were vi-
sualized on a Leica DMI 6000 inverted microscope using an HCX
Plan APO DIC 63x oil objective [1.4 to 0.6 numerical aperture
(NA)] and analyzed using Fiji (59). Atleast 100 fibers were analyzed
per replicate condition.

Immunofluorescence microscopy

For immunofluorescence microscopy, cells grown on autoclaved
coverslips and infected with H. pylori for 6 hours. Cells were
washed three times with 1x PBS and fixed with 4% paraformalde-
hyde for 15 min at room temperature. After fixation, cells were
washed three times with 1x PBS, followed by a second fixation
with ice-cold methanol for 20 min at —20°C. After this second fix-
ation, cells were washed three times with 1x PBS and permeabilized
with 0.1% Triton X-100/1x PBS for 20 min at room temperature.
After a brief wash, cells were incubated in blocking solution (1%
BSA, 100 mM NH,CI, and 1x PBS) for 30 min at room temperature.
Coverslips were then incubated with appropriate primary antibod-
ies diluted in blocking solution for 4 hours at room temperature or
overnight at 4°C. The following antibodies and dilutions were used:
anti-53bp1 rabbit monoclonal (clone EPR2172, ab175933, Abcam;
1:400), anti-Mucin 5 AC mouse monoclonal (clone 45 M1, ab3649,
Abcam; 1:400), anti-Mucin6 rabbit monoclonal (ab192318, Abcam;
1:100), anti-MIST1 mouse monoclonal (clone 6E8/A12/C11P1,
NBP2-22478, Novus Biologicals; 1:100), anti-LGR5 mouse mono-
clonal (clone OTI2A2, MA5-25644, Thermo Fisher Scientific;
1:200), anti-TROY mouse monoclonal (D-4, sc-398526, Santa
Cruz Biotechnology; 1:100), anti-PCNA mouse monoclonal
(clone PC10, sc-56, Santa Cruz Biotechnology; 1:300), and anti-
RFP rabbit polyclonal (600-401-379, Rockland; 1:100). Coverslips
were washed three times with 1x PBS and then incubated with sec-
ondary antibodies diluted in blocking solution for 1 hour at room
temperature in the dark. Secondary antibodies and dilutions were as
follows: Alexa Fluor 488 goat anti-mouse immunoglobulin G (IgG)
(A110001, Thermo Fisher Scientific; 1:500), Alexa Fluor 488 goat
anti-rabbit IgG (A110008, Thermo Fisher Scientific; 1:500), Alexa
Fluor 568 goat anti-rabbit (A11011, Thermo Fisher Scientific;
1:500), Alexa Fluor 568 goat anti-mouse (A11004, Thermo Fisher
Scientific; 1:500), Alexa Fluor 647 goat anti-rabbit (A21244,
Thermo Fisher Scientific; 1:500), and Alexa Fluor 647 goat anti-
mouse (A21235, Thermo Fisher Scientific; 1:500). After 3 washes
with 1x PBS, coverslips were stained with 4',6-diamidino-2-phenyl-
indole (DAPL; 1 ug/ml) diluted in distilled H,O for 5 min at room
temperature. Coverslips were mounted with Fluoromount-G
mounting medium (00-4958-02, Invitrogen). Images were acquired
with a Leica DM 6B fluorescent microscope using a 63x/1.4 NA ob-
jective with an oil immersion. For the analysis of 53bp1 foci, auto-
mated image acquisition was performed on a IX83 microscope
(Olympus) equipped with ScanR imaging platform using a 40x/
0.9 NA objective. The analysis of acquired images, commonly
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referred to as a quantitative image—based cytometry, was performed
using CellProfiler 4.2.4. (Broad Institute of MIT and Harvard, Cam-
bridge, MA, USA). Nuclei were identified on the basis of the DAPI
signal, and the parameters of interest were analyzed for each nuclear
object using modules of the CellProfiler 4.2.4. For the quantification
of bacteria, the cells were infected with H. pylori genetically tagged
with RFP. The bacteria were identified on the basis of the RFP signal
and were counted for each cell, which were defined by an enlarging
of a nuclear mask using modules of the CellProfiler 4.2.4. Immuno-
fluorescence microscopy of 3D organoids was performed using the
antibodies listed above, according to previously published proce-
dures (60); imaging was performed on the inverted confocal laser
scanning microscope SP8 (Leica) using a 10x/0.3 NA objective.
The images were then processed in Fiji using maximum intensity
Z-projection.

Detection of RNA:DNA hybrids with $9.6 antibody

Staining of RNA:DNA hybrids with the anti-RNA:DNA Hybrid
[S9.6] antibody was performed using a previously published proto-
col (61). Briefly, the cells grown on coverslips were fixed with ice-
cold methanol for 10 min at 4°C, followed by permeabilization with
acetone for 1 min on ice. After fixation and permeabilization, the
cells were washed with 1x PBS and 4x saline-sodium citrate
buffer (4x SSC). The cells were incubating in blocking solution
(3% BSA, 0.1% Tween 20, and 4x SSC) overnight at 4°C. After a
brief wash with blocking solution, the cells were incubated with
anti-RNA:DNA Hybrid [S9.6] mouse antibody (ENHO001, Kerafast;
1:100) and anti-nucleolin rabbit polyclonal antibody (ab22758,
Abcam; 1:1000) diluted in a blocking solution overnight at 4°C
and 90 min at room temperature, respectively. After a brief wash
with 4x SSC, the coverslips were incubated with secondary antibod-
ies Alexa Fluor 488 goat anti-mouse IgG (A110001, Thermo Fisher
Scientific; 1:500) and Alexa Fluor 647 goat anti-rabbit IgG (A21244,
Thermo Fisher Scientific; 1:500) diluted in the blocking solution for
90 min at room temperature in dark. Coverslips were then counter-
stained with DAPI (1 pg/ml) diluted in distilled H,O for 5 min and
mounted with Fluoromount-G mounting medium (00-4958-02, In-
vitrogen). The images were acquired with Leica DM 6B fluorescent
microscope using a 63x/1.4 NA objective with an oil immersion.
The quantitative image—based cytometry analysis of $9.6 signal
was performed using CellProfiler 4.2.4 (Broad Institute of MIT
and Harvard, Cambridge, MA, USA). The DAPI signal was used
for a segmentation of images to identify individual nuclei. For
each nuclear object, the nucleoplasmic signal of $9.6 was measured
excluding the nucleolar $9.6 signal.

Engineering of organoid cells

An Erbb2 overexpression plasmid was obtained from Addgene
(plasmid #66945); the full-length WT coding sequence was ampli-
fied using the primers: forward, CAGATCGCCTGGAGAATT
GGCTAGCATCAACAAGTTTGTACAAAAAAAGCAGGCTAC
CATGATCATCATGGAGCTG; reverse, TCCCCTACCCGGTA
GAATTGGATCCAAACCACTTTGTACAAGAAAGCTGGGTT
CATACAGGTACATCCAG. The resulting Erbb2 sequence was
cloned into the Eco RI and Cla I restriction sites of the pHIV-
EFla-puro-T2A expression vector. For Smad4 knockdown, an
shRNA construct (forward, CCGGGCGATTGTGCATTCTCAG
GATCTCGAGATCCTGAGAATGCACAATCGCTTTTTG;
reverse, AATTCAAAAAGCGATTGTGCATTCTCAGGATCTC
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GAGATCCTGAGAATGCACAATCGC) was cloned into the Age I
and Eco Rl restriction sites of the pLKO.1-TRC vector. The follow-
ing oligos were used for a control shRNA construct: forward,
CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGC
GACTTAACCTTAGGTTTTTG; reverse, AATTCAAAAACC
TAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACT
TAACCTTAGG. For packaging, 293 T cells were transfected with
12 pg of transfer plasmid, 6 ug of psPax2, and 3 ug of pCMV-
VSVG in serum-free DMEM and polyethylenimine; virus-contain-
ing supernatants were collected after 3 days and passed through a
0.45-um filter. Three volumes of clarified supernatant were com-
bined with one volume of Lenti-X concentrator (631232, Takara),
incubated at 4°C overnight, and then centrifuged at 1500g for 45
min at 4°C. Virus pellets were suspended in 250 pl of 3D organoid
culture medium plus polybrene (8 ug/ml). For transduction, small
clusters of organoid cells were prepared according to a procedure
described by Koo et al. (62). Briefly, organoids were broken up by
vigorous pipetting (30x), followed by a 5-min incubation in TripLE
(#12605028, Gibco) at 37°C. The resulting small clusters were col-
lected by centrifugation, combined with 250 pl of the viral suspen-
sion described above, and spinoculated at 600g at 32°C for 60 min.
The plate was incubated 6 hours at 37°C; after this time, cells were
centrifuged at 1000g for 5 min, resuspended in 100 pl of Matrigel
(BD Biosciences), and split it into two wells of a 24-well culture
plate. A total of 500 ul of 3D organoid culture medium was added
after the Matrigel had polymerized. Puromycin selection was initi-
ated 2 days after transduction (2 ug/ml for 3 days, followed by seven
more days with puromycin of 0.6 pg/ml), followed by seeding of or-
ganoid cells in 2D for infection.

Bulk and scRNA-seq

Bulk RNA sequencing was performed by the Functional Genomics
Center Ziirich. RNA was extracted using the QTAGEN RNeasy Mini
Kit following the manufacturer’s protocol. Extracted RNA was pre-
pared for sequencing using the Illumina TruSeq mRNA Library
assay following the manufacturer’s protocol. Sequencing was per-
formed on the Illumina NovaSeq 6000 using the S1 Reagent Kit
v1.5 (100 cycles) as per the manufacturer’s protocol. Demultiplex-
ing was performed using the Illumina bcl2fastq conversion soft-
ware. Individual library size ranged from 17 million to 42.7
million reads. RNA sequencing analysis was performed using the
SUSHI framework (63), which encompassed the following steps:
Read quality was inspected using FastQC, and sequencing adaptors
removed using fastp; Alignment of the RNA sequencing reads using
the STAR aligner (64) and with the Ensembl mouse genome build
GRCm39 (release 106) as the reference (65); the counting of gene-
level expression values using the “featureCounts” function of the R
package Rsubread (66); differential expression using the generalized
linear model as implemented by the DESeq2 Bioconductor R
package (67), and gene ontology term pathway analysis using the
hypergeometric overrepresentation test via the “enrichGO" func-
tion of the clusterProfiler Bioconductor R package (68). All R func-
tions were executed on R version 4.2.2 and Bioconductor version
3.16. scRNA-seq was performed by the Functional Genomics
Center Ziirich. TotalSeq anti-mouse Hashtag reagent [a mixture
of two monoclonal antibodies—specific against mouse CD45 and
major histocompatibility complex class I—conjugated to the same
oligonucleotide was used for multiplex scSeq according to the man-
ufacturer’s instructions (BioLegend)]. Samples were prepared for

He et al., Sci. Adv. 9, eadh0322 (2023) 15 November 2023

sequencing using the 10X Genomics with the BioLegend Total-
Seq-C Feature Barcoding Single-Cell reagent kit, following the man-
ufacturer’s protocol. Sequencing was performed on the Illumina
NovaSeq 6000 (100 cycles). Demultiplexing was performed using
the Illumina bcl2fastq conversion software. Gene expression se-
quencing generated 482 million reads, and feature barcode sequenc-
ing 66 million reads. Initial analysis of scRNA-seq data was
performed using the SUSHI framework that encompassed the fol-
lowing steps: Read quality was inspected using FastQC (www.
bioinformatics.babraham.ac.uk/projects/fastqc/); cell identification,
read mapping and gene quantification, and sample demultiplexing
were performed using STARsolo for the gene expression data, and
10X Genomics cellRanger version 7.0.0 for the hashtag antibodies
data, with the GENCODE mouse genome build GRCm39 release
M26 (69) and the Seurat version 4.1.1.9003 (70) Bioconductor R
package, was used to demultiplex the cells, identify cell doublets
and dropouts based on hashtags, normalize the gene expression
counts (log-normalized, scale factor of 10,000), find variable
genes (vst, 3000 genes), scale and center the dataset, variance-trans-
form the counts using “SCTransform,” run PCA and Uniform Man-
ifold Approximation and Projection (UMAP) dimensional
reduction (1 to 20 dimensions), find neighbors (PCA, 1 to 20 di-
mensions) and clusters (multiple resolutions from 0.2 to 1, with
0.6 the resolution used), and find all marker genes for each
cluster (Wilcox). The code used for these steps is available on the
“ezRun” GitHub page (https://github.com/uzh/ezRun/blob/
master/R/app-SCFeatBarcoding.R). All R functions were executed
on R version 4.2.2 and Bioconductor version 3.16. Bulk RNA se-
quences are available under the accession number GSE225189
and scRNA sequences under GSE225379.

Statistics

All statistical analysis was performed using GraphPad prism 5.0
software. Student’s  test was used for comparisons between two
groups, and one-way analysis of variance (ANOVA) was used for
comparisons of more than two groups, followed by Dunn'’s multiple
comparisons correction. P values are indicated as follows: *P < 0.05;
**P < 0.01; P < 0.005; ****P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1to S5
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